The effect of mild alkaline hydrolysis on the immunological reactivity of Salmonella typhimurium lipopolysaccharide (LPS) was studied. Hydrolysis of LPS at 37 C in 0.01 to 0.25 N NaOH caused a decrease in precipitation of LPS by antiserum. Red cells sensitized with alkali-treated LPS were less responsive to hemagglutination by antiserum than were cells sensitized with heated LPS. Hemagglutinationinhibition studies showed that alkali-treated S. typhimurium LPS was antigenically deficient. Alkaline hydrolysis of S. typhimurium LPS destroys antigen 5 of the Kauffmann-White scheme by cleavage of O-acetyl groups. However, abequose, the immunodominant sugar for antigen 4, is also cleaved from the 0 side chains by alkali, suggesting the loss of more than one antigenic determinant. It is concluded that alkali treatment of LPS to promote the sensitization of red cells may alter the serological specificity and therefore places limitations on its use in serological studies.
The isolated lipopolysaccharides (LPS) of gram-negative bacteria are known to possess an affinity for the surfaces of cells (18) , and this reactivity with cell surfaces has given rise to speculation as to whether it plays a role in the toxic activities of LPS (21, 22) . Of more practical importance at the present time is the usefulness of this activity, particularly with erythrocyte membranes, for immunological studies. Hemagglutination employing erythrocytes sensitized with LPS is a procedure used extensively in studies of the antibody response to gram-negative infection and in studies of antigenic determinants of gramnegative bacteria (19) . Although LPS extracted from gram-negative bacteria by a variety of techniques will coat erythrocytes, it has been observed that the sensitization is much more efficient if the LPS is first heated to 100 C or dispersed in sodium hydroxide. Moreover, of the two procedures, alkali-treated LPS produces the greatest antigen density on the erythrocyte surface (20) .
During a preliminary investigation of the nature of the association between LPS and erythrocyte membranes, we observed that hydrolysis of Salmonella typhimurium LPS by sodium hydroxide led to substantial changes in its serological
properties. A similar observation has been made by others dealing with LPS from S. typhimurium (17) , Escherichia coli (16) , and Vibrio parahaemolyticus (23) . In this paper, immunological reactivity of alkali-treated S. typhimurium LPS is compared with that of untreated LPS and in some cases with that of heated LPS. The data show that alkali treatment may alter more than one antigenic determinant of the 0 antigen of S. typhimurium.
MATERIALS AND METHODS Bacteria. S. typhimurium 7 was obtained from M.
Herzberg (Department of Microbiology, University of Hawaii) and grown in batch culture with aeration at 37 C in M 9 medium (1) was added, and this mixture was incubated at 37 C for 1 hr. The cells were then washed three times and reconstituted in saline to make a 0.5% suspension. The sensitized RBC (0.2 ml) were added to 0.2 ml of serial twofold dilutions of antiserum which had been absorbed with sheep RBC. After 1 hr of incubation at 37 C and 12 hr of incubation at 4 C, the titers were read.
For hemagglutination-inhibition, a 1:200 or 1:300 dilution of antiserum 2 was used. To 0.1-ml samples of the antiserum 0.1 ml of twofold dilutions of either heat-treated LPS or alkali-treated LPS was added.
After incubation at 37 C for 1 hr, hemagglutination was assayed by using erythrocytes sensitized with heated LPS and erythrocytes sensitized with alkali-treated LPS.
Chemical determinations. Total hexoses were determined by the method described by Trevelyan and Harrison (24) , and 3,6-dideoxyhexoses were determined by the thiobarbituric method of Cynkin and Ashwell (3). O-acetyl contents were determined by the method of Hestrin (6) . Chromatography was carried out by the descending method on Whatman no. 1 paper with butanol-acetic acid-water (4:1:5) and butanol-pyridine-water (3:2: 1) as solvent systems. Spots were developed with alkaline silver nitrate and ninhydrin.
High sodium chloride concentrations in those samples of LPS treated with sodium hydroxide necessitated desalting before chromatography. This was accomplished in three ways. (i) The sample was placed on a Deeminite L-10 column (1 by 15 cm) and eluted with 150 ml of water. (ii) The sample was extracted twice with pyridine and the pyridine was subsequently concentrated. (iii) The sample was applied to a Sephadex G-10 column (1.5 by 95 cm) and eluted with water. Figure 1 shows the immunoprecipitation patterns of LPS from S. typhimutrium. The number of precipitin bands formed was found to depend on the antiserum. Serum 1 produced one strong band and one weak band (not visible in the picture), whereas with serum 3 four bands were developed. With biosynthetically '4C-labeled LPS, the same patterns of precipitin arcs were obtained both by visible precipitate and by autoradiography, indicating that each of the bands contained galactose residues and therefore presumably contained precipitated LPS.
RESULTS
Heating LPS at 100 C for 1 hr did not change the immunoprecipitation pattern (Fig. 1) . However, treatment with 0.25 N NaOH for 3 hr at 37 C markedly decreased the amount of precipitation, the arcs produced being barely detectable. It was subsequently observed that 0.01 N NaOH also markedly decreased the precipitability of the LPS, and this decrease as a function of time is shown in Fig. 2 . Twenty minutes of incubation in 0.01 N NaOH at 37 C was sufficient to decrease precipitability, and during this process it was evident that as the major precipitin band disappeared new bands appeared which seemingly possessed partial identity with it.
With hyperimmune antiserum 2 in double-gel Fig. 2 (top) . diffusion, the decrease in precipitability produced by alkali treatment of LPS was not as marked in that visible precipitin bands were still produced. However, quantitative precipitin studies showed that the precipitability of the alkali-treated LPS by this antiserum was indeed decreased (Fig. 3) .
The results of the hemagglutination studies are shown in Fig. 4 Kaufmann-White scheme (10) . It has been demonstrated that factor 5 (determined by 0-acetyl) is alkali-labile and is also destroyed by a temperature of 125 C (13) . Since the loss of this factor might explain the altered immunological reactivity of alkali-treated S. typhimurium LPS, the O-acetyl content of the isolated polysaccharides subjected to the above conditions was determined. As shown in Table 3 , alkali removed almost all of the O-acetyl groups, whereas heating to 125 C had no effect. By gel immunodiffusion and quantitative precipitin studies LPS heated to 125 C behaved in a manner identical to that of the parent product.
To determine whether the loss of serological activity of alkali-treated S. typhimurium LPS was caused only by a loss of 0-acetyl groups (factor 5), LPS from S. abortus equi, possessing factors 4 and 12 but not factor 5, was studied. Figure 5 shows the immunoprecipitation pat-
Immunoprecipitation patterns of S. abortus equi and S. typhimurium LPS with anti-S. typhimurium antiserum. LPSa, I mg/ml, S. abortus equi LPS; LPSa-OH, I mg/ml, S. abortus equi LPS treated with 0.25 N NaOH at 37 C for 3 hr; LPS, I mg/ml, S. typhimurium LPS; LPS-OH, I mg/ml, S. typhimurium LPS treated with 0.25 N NaOH at 37 C for 3 hr.
terns of LPS from S. abortus equi and S. typhimurium. Treatment of S. abortus equi LPS with 0.25 N NaOH at 37 C for 3 hr destroyed one of the two precipitin lines produced by the parent LPS. The two alkali-treated products, S. typhimurium LPS and S. abortus equi LPS, showed a reaction of identity. Quantitative precipitin studies showed that alkali treatment of S. abortus equi LPS caused a decrease of about 25 % in the amount of antibody precipitated (Fig. 6) . In hemagglutination-inhibition studies, approximately 30 times more alkali-treated LPS than heated LPS was needed for inhibition of hemagglutination of erythrocytes coated with heated LPS (Table 4) . This indicated that the alkali-treated product was antigenically deficient.
To determine which portion of the polysaccharide moiety of LPS might be affected by alkali treatment, "4C-galactose-labeled LPS was hydrolyzed in 0.25 N NaOH for 3 hr at 37 C and then dialyzed against distilled water. The original solution and the dialysate were assayed for radioactivity. In this experiment, less than 0.2% of the radioactivity passed through the dialysis membrane. Therefore, the core and side chains were not being cleaved into oligosaccharides. 3 hr at 37 C, the samples were neutralized with HCI and dialyzed against distilled water. The dialysate was lyophilized and redissolved in a small volume of water. When this sample was desalted by fractionation on Deeminite L-10 and chromatographed, two spots developed (Fig. 7) . One spot migrated faster than rhamnose. This stained with silver nitrate only and had an RF value consistent with the 3,6-dideoxyhexose abequose. The second spot migrated slowly and stained with both silver nitrate and ninhydrin reagent. Although it was thought to be composed of the amino sugar glucosamine, its mobility was slower than the glucosamine standard. When the dialysate was extracted with pyridine and the extract was chromatographed, the slowly migrating fraction was not found (Fig. 8) . A spot consistent with abequose did appear, and, in addition, several faint spots developed in the region of glucosamine, galactose, glucose, and mannose. Fractionation of the dialysate on Sephadex G-10 yielded two carbohydrate-containing peaks separated from the NaCl (Fig. 9) . Peak (10) . Each of these determinants depends upon the presence of a structural unit: glucose for antigens 1 and 12, abequose for antigen 4, and O-acetyl for antigen 5 (15) .
The data presented in this paper show that alkaline hydrolysis of S. typhimurium LPS markedly altered its immunological reactivity by cleaving immunoreactive groups from the 0 side chains. The major loss in immunoreactivity is due to the loss of O-acetyl groups (factor 5), an observation first made by Kotelko et al. (13) . However, the data derived from the studies with S. abortus equi LPS indicate that an additional factor is destroyed by alkali. This LPS possesses two determinants in common with that of S. typhimurium but lacks factor 5; although its immunological reactivity was not so markedly affected by alkaline hydrolysis, it appears that some antigenic deficiency was produced by this treatment. The 25% decrease in the ability to precipitate anti-S. typhimurium antibody strongly suggested this, and the deficiency was confirmed by the hemagglutination-inhibition studies. Chemical studies showed that abequose, the determinant for factor 4, was cleaved from the 0 side chains of S. typhimurium LPS. Therefore, it appears that, in addition to factor 5, factor 4 may be destroyed by alkaline hydrolysis. This should not be too surprising since the abequose is linked to mannose by a 1-3 glycosidic bond and these linkages are alkali-labile (14) .
One paradox has been observed in the serological properties of these alkali-modified LPS. When the erythrocytes were sensitized with alkali-treated S. typhimurium LPS, the hemag- glutination titer was depressed. When alkalitreated S. abortus equi LPS was used to sensitize erythrocytes, the hemagglutination titer was enhanced. A possible explanation for this phenomenon is as follows. First, the most abundant antibody found in the antiserum was directed against factor 5. This is evident from the differences in the amount of antibody precipitated by the two LPS preparations, that from S. abortus equi versus that from S. typhimurium. The loss of both factors 5 and 4 would lead to a diminution of serological activity. The loss of factor 4 alone from S. abortus equi LPS might be overcome by the increase in LPS adhering to erythrocytes after alkali treatment. The increase in antigen density on erythrocytes produced by this procedure might compensate for loss of antigenic sites resulting from alkaline hydrolysis of the LPS.
The data on the thermolability of antigen 5 conflict with observations of others. It has been stated that factor 5 is thermolabile (11) . However, in our experiments heating LPS to 125 C did not produce detectable alterations in its precipitability by antiserum, and chemical analysis of the 0-acetyl content of the polysaccharide portion of LPS showed no alteration as a result of heating. This is consistent with the observation by Kenny et al. (12) that heating does not destroy the immunogenicity of factor 5.
These observations on the thermostability of factor 5 have some bearing on one proposed mechanism of immunity in mouse salmonellosis. Jenkin and Rowley (8) have suggested that a heat-labile surface antigen is involved in the immunization of mice against virulent strains of S. typhimurium. Furthermore, they found that an artificial antigen resembling factor 5 would protect mice against infection (7) . Taken together these data suggested that the heat-labile, protective factor was factor 5. However, since at neutral pH factor 5 is not heat-labile, this question should be reconsidered.
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